Background: On-farm crop species richness (CSR) may be important for maintaining the diversity and quality of diets of
Introduction
Preservation of biological diversity, or variability within species, between species, and of ecosystems, has been recognized as one of the highest priorities for sustainable human development (1) . The provision of numerous ecosystem goods and services, including agricultural food production, is fundamentally dependent upon the supporting and regulating services provided by species diversity (2) . Therefore, preserving biodiversity, and agricultural biodiversity in particular, has been seen as central not only to sustaining productive ecosystems, but also to supporting human nutrition (3) .
Perhaps the 2 most commonly implemented approaches to improving nutrition through agriculture have been the smallscale cultivation of vegetables and fruits in homestead gardens and biofortification (i.e., the breeding of higher concentrations of essential micronutrients into staple crops) (4) . Both of these intervention strategies rely on targeted production diversification (i.e., adding new horticultural crop species, or adding or substituting a new staple crop variety). However, few studies have examined the influence of agricultural biodiversity at the farm scale on nutrition outcomes (5) . Assessing the impact of farm-scale changes in agricultural biodiversity on nutrition outcomes may be particularly important not only because farm productivity and resilience are influenced by ecological interactions that take place at this scale, but also because farmer decisions regarding crop choice, management practices, and crop use are made while taking into consideration the entire farm system (6) . Understanding how production or management changes may present new opportunities or constraints elsewhere within the same farm or household may be especially important given emerging trends in the size and orientation of farms in many low-and middleincome countries, especially those in sub-Saharan Africa (SSA) 4 . In SSA, most farms are small, consisting of <1 ha of cultivated land (7) . Unlike in Asia, mean farm size in SSA is declining-a trend that is projected to continue for several decades into the future (8) . At the same time, efforts to enhance the productivity and profitability of smallholder farmers increasingly are centered on orienting production toward commercial markets via specialization and cultivation of genetically uniform monocultures of improved crop varieties (9, 10) . In Rwanda, for example, on-farm crop diversity and intercropping have declined considerably in the past decade after the development of government policies supporting monocropped systems under modern varieties (11) . Similar declines in crop diversity have been observed in Malawi, where subsidies to landowners to bolster maize production are a cornerstone of the countryÕs agricultural policy (12) . To the extent that these trends facilitate increased productivity and incomes for farmers, there may be a positive nutritional impact. However, reducing production diversity to a single crop may make farmers with limited land and income less able to manage agronomic risks (e.g., from pests, droughts, or declining soil fertility). This could deleteriously affect household food security if reserve subsistence production is displaced by cash crop production, and subsequent market failures limit food access. Indeed, uncertain land tenure, high transaction costs, and poor infrastructure are all common market constraints facing farmers in SSA that may limit potential welfare gains of market engagement (13) .
Several studies have identified positive associations between the on-farm diversity of cultivated crops and the variety of foods or food groups consumed by households or young children (14) (15) (16) (17) (18) (19) . However, these associations have not been observed in all contexts (20, 21) , and although diet diversity has been shown to be associated with improved diet quality (22, 23) , few studies have explicitly examined associations of agricultural biodiversity with the quality of diets (15, 16) . Furthermore, cross-sectional designs have been predominantly relied upon to examine these associations. These designs preclude determination of antecedent conditions, and thus limit the ability to draw causal inferences.
The limited analysis of purported mechanistic pathways linking agricultural biodiversity and dietary outcomes is another conspicuous limitation of previous analyses. These mechanisms have in fact not been well established. One hypothesis is that, among subsistence farmers, diet diversity depends upon agricultural production diversity, and, therefore, reduced agricultural biodiversity will constrain the potential for dietary diversification (24) . However, other evidence suggests that improved market access and commercializing agricultural production may be even more important for enhancing diet diversity, even among relatively subsistence farming households (19) . The relative importance of these linkages across contexts, and the extent to which they may operate simultaneously or synergistically, is not clear.
The objectives of this study were to 1) determine the association of agricultural biodiversity with the diversity and quality of household diets in Malawi through the use of longitudinal data from nationally representative surveys of farming households; and 2) assess the empirical support for hypothesized mechanisms linking agricultural biodiversity with the quality and diversity of household diets via both direct pathways (i.e., subsistence food production) and indirect pathways (i.e., income and food expenditures via market-oriented production) (Figure 1) . It was hypothesized that greater on-farm agricultural biodiversity would be associated with greater household diet diversity and a higher intake of essential micronutrients commonly deficient in the diets of nutritionally vulnerable households (i.e., iron, vitamin A, and zinc). It was further hypothesized that the relation between agricultural biodiversity and both household diet diversity and quality would be less positive in households with greater access to markets and greater commercial orientation of agricultural production.
Methods
Study design and data collection. Data were used from the 2013 Malawi Integrated Household Panel Survey (IHPS) and the 2010-2011 Malawi Third Integrated Household Survey (IHS3). These surveys were implemented through the World BankÕs Living Standards Measurement Study-Integrated Surveys on Agriculture project. Both the IHPS and IHS3 were multitopic, nationally representative surveys carried out with the use of a stratified, 2-stage sample design. The primary sampling units for the surveys, known as enumeration areas, were selected on the basis of probability proportional to size within each district of Malawi. Households were then selected with the use of random systematic sampling within each enumeration area. A subsample of the 768 enumeration areas of the IHS3 (n = 204) was identified before the start of IHS3 data collection for follow-up data collection in 2013. Attempts were made to resurvey all IHS3 households within these districts, as well as individuals who moved away from these households between 2010 and 2013. Accounting for household splitting, the IHPS sample included 4000 households linked to 3104 IHS3 households. The household-level attrition rate between the 2 surveys was 3.8% (28) . Visits to IHPS households aligned with the timing of visits of the IHS3 schedule.
Only households that raised $1 agricultural crop during the 2012-2013 rainy season (November 2012-April 2013) or 2013 dry season (May-November 2013) were included in analyses. Of the 4000 households surveyed in the IHPS, 781 did not engage in agricultural activities during either of these seasons. Households for which Global Positioning System measures of agricultural land area were not available (n = 197), or for which plot-wise area data differed from total measured land area by >1 ha (n = 22) were excluded. Therefore, the final analytic sample included 3000 households. Of these households, 2526 were original households from the IHS3, and 474 were new households that split from IHS3 households.
Measurement of variables.
The primary outcome variables were household diet diversity and daily intake of energy and protein, as well as iron, vitamin A, and zinc-deficiencies of which contribute to an enormous burden of disease globally (29) . Data on the quantity of food consumed in the previous 7 d, aggregated at the household level for 124 food items, were used to calculate these dietary outcomes. Household consumption data were collected evenly across both survey periods and across all regions of the country. A household diet diversity score (DDS) was calculated on the basis of 10 food groups with strong potential to contribute to the micronutrient adequacy of diets. These food groups were the same as those used for the Minimum Dietary Diversity for Women indicator (30) . They included 1) starchy staple foods, 2) beans and peas, 3) nuts and seeds, 4) dairy, 5) flesh foods, 6) eggs, 7) vitamin Arich dark green leafy vegetables, 8) other vitamin A-rich vegetables and fruits, 9) other vegetables, and 10) other fruits. Food groups included in the Household Dietary Diversity Score (31) that reflect economic access to food (e.g., sugar and honey, oils and fats, and condiments) were not included in the DDS. Quantities of consumed food items were converted to kilograms on the basis of region-specific unit conversion data for nonstandard measurement unit combinations gathered as part of a market survey carried out in parallel with IHS3 fieldwork (32) . Data from the Tanzania Food Composition Tables were used to estimate the energy, macronutrient, and micronutrient density of food items (33) . These data have been used for dietary analyses throughout East and Southern Africa in countries including Malawi in which national food composition databases are not available (34) (35) (36) . Composition data for 19 food items that were not listed in the Tanzania Food Composition Tables were referenced from the USDA National Nutrient Database for Standard Reference (37) . Seven-day household consumption data were converted to daily quantities consumed and were used to calculate daily energy and nutrient intake per adult equivalent based on estimated energy requirements for specific sex and age groups (38) . An adult male subject was used as the reference adult. Anthropometric data from WHO growth references and previous studies in Malawian adults were used for calculating estimated energy requirements for different age and sex groups (39-41).
The principal independent variable examined was agricultural biodiversity. Richness, or the number of distinct species, varieties, morphotypes, or other distinguishing traits found in a population, is among the most common ways to assess agricultural biodiversity (42) . However, no current measures of agricultural biodiversity have been validated for specific use in studies examining the influence of agricultural biodiversity on the quality or diversity of human diets. Therefore, 3 separate measures of agricultural biodiversity were examined in this study to understand the potential importance of distinct conceptualizations of agricultural biodiversity for diets.
Plot-level data on all crops cultivated by households during the 2009-2010 and 2012-2013 rainy and dry seasons (including annual and perennial crops and trees) were used to calculate 3 distinct indicators of agricultural biodiversity based on richness: 1) crop species richness (CSR), 2) crop varietal richness, and 3) crop nutritional functional richness. In total, 77 different species were reported as cultivated across all households in the 2009-2010 and 2012-2013 agricultural seasons. Varietal data were reported for 5 crops, including 1) maize (4 varieties), 2) tobacco (5 varieties), 3) groundnuts (5 varieties), 4) rice (9 varieties), and 5) apples (2 varieties). To calculate crop nutritional functional richness, agricultural biodiversity was calculated to correspond directly to the 10 food groups included in the DDS. These food groups contribute in distinct ways to the nutritional composition and micronutrient adequacy of diets. The concept of functional diversity, as applied in ecology to distinguish between ecological functional traits of crop species FIGURE 1 Conceptual framework of hypothesized causal linkages between on-farm crop species richness and the quality and diversity of household diets. On-farm crop species richness influences household diet quality and diversity through both the diversity of subsistence production (via direct consumption) and market-oriented production (indirect effects through increased agricultural income and greater food expenditures, or direct effects through opportunistic consumption of market-oriented food crops that are not entirely sold). In the long term, greater crop species richness may influence ecosystem stability, productivity, pest regulation, and resilience (2), thus enhancing overall agricultural productivity that may contribute to both greater household income and/or more diverse diets directly depending on the market-or subsistence-orientation of the production. Greater diversity of subsistence production could also facilitate less spending on food if key staples and other food groups are made available through own production. Although not explicitly considered in these analyses, changes in agricultural biodiversity could have positive or negative effects on diet quality and diversity via womenÕs empowerment, depending on the extent to which womenÕs time use and control of income or production decisions are affected by these changes (18, 25) . The relation between crop species richness and diet quality or diversity may be less positive in wealthier households because the diets of these households may be highly diverse, independent of agricultural production, because of external resources that allow for greater access to diverse foods (26) . Similarly, this relation may be less strong in households with greater market access or market-oriented agricultural production because these households may depend more on purchased foods as a source of diet diversity, and production diversity may neither influence the diet directly nor affect decisions regarding what foods to purchase. Access to land, productive assets, markets, adequate postharvest storage, and value chain services, in addition to agricultural input and market prices, all influence householdsÕ capacity and propensity to diversify crop production, and cultivate subsistence-or market-oriented crops (27) .
or varieties, has been applied previously to nutritional functional groups (20) , and has been recommended as a complementary indicator to CSR for assessing relations between agricultural biodiversity and nutrition (43) . Cereal grains, roots, and tubers were categorized into a single group to correspond to the ''starchy staple foods'' group of the DDS, and crops corresponding to each of the other food groups of the DDS were similarly categorized. In addition to crops cultivated, current livestock ownership (any compared with none), and recent household production of eggs or milk contributed to crop nutritional functional richness in alignment with the ''flesh foods,'' ''eggs,'' and ''dairy'' categories of the DDS, respectively.
Sociodemographic characteristics of households, including household size, sex and age of head of household, education level of female head of household or spouse of male head of household, and urban location of households, were calculated from reported data. Standardized asset scores were created with the use of weights assigned to household assets from principal components analysis (44) . Quintiles of this score were then calculated on the basis of the sample-specific distribution for each survey year. Total food expenditures and expenditures by food group were calculated from food item-specific, 7-d expenditure data. Diversity of food expenditures was also calculated on the basis of the number of different food groups purchased in the previous 7 d (10 maximum with the use of the same food groups as for the DDS). Data on the amount of each food item consumed from own production or purchases were reported, and the proportion of food consumed that originated from each source was calculated by dividing by the total amount of food consumed.
Cultivated land area for annual crops was calculated from Global Positioning System measurements of the extent of each agricultural plot cultivated in both the rainy and dry seasons by each household. Harvested amounts of each crop, by weight, were reported by plot and season and were converted to uniform units on the basis of regionspecific unit conversion data (32) . Total harvested amount and harvested amount by crop category were calculated. Crops were characterized as predominant cash crops, mixed crops, or predominant subsistence crops if the mean proportion of harvested crop sold in any agricultural season of either sample was $50%, 15-49%, or <15%, respectively, on the basis of the sample-specific distribution of the mean proportion of harvested crop sold. The total amount of all crops sold from both rainy and dry season production, as well as perennial crops in the previous 12 mo, was divided by the total amount harvested of all crops to calculate the proportion of crops sold for each household. This proportion did not account for future planned sales of crops. The value of the amount of each crop sold was also reported and converted from Malawian kwacha to US dollars. Data on livestock ownership were converted to livestock units to allow for a comparable metric across animal species on the basis of metabolic weight (45) . Household distance to the nearest town with a population >20,000 and to the nearest road, proxy variables for access to markets, were provided as part of the IHS3 data set.
Statistical analyses. All analyses were carried out with the use of the Stata statistical software package, version 13.1. StudentÕs t tests for comparisons of continuous variables and PearsonÕs chi-squared tests for comparisons of proportions were used to assess differences in sociodemographic, dietary, and agricultural characteristics of each household across survey years. The correlation between DDS and daily intake per adult equivalent of energy, protein, iron, vitamin A, and zinc for each survey year was calculated with the use of the Pearson product-moment correlation coefficient. Extreme values for energy and nutrient intake were omitted from analyses. PearsonÕs chi-squared tests were used to assess the probability of a household member consuming a food item from a given food group in the previous 7 d, whether or not the household produced a crop or product from that food group. Differences in DDS were further calculated in households producing and not producing crops from each food group category included in the DDS. Least-squares mean DDSs, adjusted for the covariates included in the regression models described below, were calculated and differenced to assess the extent to which specific food group-based crop groups were associated with household diet diversity.
Generalized estimating equations (GEEs) were used to assess the longitudinal relation of CSR, crop varietal richness, and crop nutritional functional richness with household diet quality and diversity. GEEs apply generalized linear models to generate unbiased coefficient estimates while accounting for the time-dependent, within-household correlation of the dependent variable (46) . An unstructured covariance matrix was specified, allowing each variance and covariance to be uniquely estimated without constraints. Variance estimates were obtained with the use of the robust estimator of variance (47) . Four models were analyzed for each indicator of agricultural biodiversity in combination with each dependent variable (i.e., DDS and daily intake per adult equivalent of energy, protein, iron, vitamin A, and zinc): 1) a noninteraction model that controlled for the covariates survey year, household size, sex of head of household, age of head of household, maternal education, wealth quintile, land area cultivated, distance to nearest population center, amount of harvest, proportion of harvest sold, food expenditures in the previous 7 d, livestock units, value of sold harvest, urban or rural residence, and regional fixed effects (i.e., North, Central, or South Malawi); and 2) 3 interaction models that controlled for all of the covariates above, and, in separate models, included an interaction term for the multiplicative relation between agricultural biodiversity and wealth quintile, proportion of harvest sold, and distance to nearest population center, respectively. Squared terms for each indicator of agricultural biodiversity were also included in initial models to assess the potential nonlinearity of the relation between agricultural biodiversity and diet diversity and quality. However, the associations of these squared terms with the dietary response variables were consistent with random variability and were therefore not included in final models. Noninteraction models were also conducted with the use of CSR of predominant subsistence crops, mixed crops, or predominant cash crops as the independent variable, and stratifying by tertile of DDS on the basis of the IHS3 sample distribution.
Household agricultural and dietary characteristics were compared across tertiles of CSR on the basis of the sample-specific distributions for each survey year. GEE models that adjusted for the same covariates described above were conducted with the use of each household characteristic as a dependent variable and tertiles of CSR as the independent variable. Least-squares means of each characteristic were calculated for each tertile of CSR, and pairwise comparisons of means were assessed. Further subanalyses were carried out with the use of the same GEE model specifications as the noninteraction models described above to examine additional hypothesized mechanisms linking agricultural biodiversity and diet diversity, including 1) the relation between market orientation of agricultural production and earnings from sold agricultural production; 2) the relation between earnings from sold agricultural production and both the amount and diversity of household food expenditures; and 3) the association of market orientation of agricultural production, earnings from sold agricultural production, and household wealth with the proportion of food consumed from purchases. Associations were considered to be consistent with random variability at P $ 0.05.
Results
Nearly all households in both the 2010-2011 and 2012-2013 samples were rural, and most women in these households received no formal education ( Table 1 ). All measures of agricultural biodiversity were higher in 2012-2013 than they were in 2010-2011, as were the overall amount of harvested crops, the proportion of harvested crops sold, and the monetary value of sold crops. Similarly, mean DDS, as well as daily intake per adult equivalent of dietary energy, protein, iron, vitamin A, and zinc, were higher in 2012-2013 than in 2010-2011 (Table 1) .
During both survey years, DDS was correlated with daily intake per adult equivalent of energy (r = 0.31 and 0. Relation of agricultural biodiversity with diet diversity and quality. In GEE analysis modeling, the longitudinal relation between agricultural biodiversity and household diet diversity, Agricultural biodiversity and dietary quality 89 3 Includes only heads of household or spouses of heads of household. 4 Geolocated household data were available only for the 2010-2011 agricultural season. 5 The DDS accounts for household consumption during the previous 7 d. 6 Unless otherwise specified, all crop-related agricultural characteristics are in reference to annual and perennial crops for both the rainy and dry seasons of the most recent agricultural season (i.e., 2010-2011 or 2012-2013).
with adjustment for maternal education, household wealth, and the additional covariates described earlier, CSR, crop varietal richness, and crop nutritional functional richness all were positively associated with DDS ( Table 2 ). The association with household diet diversity was of a similar magnitude for all 3 indicators of agricultural biodiversity. Greater agricultural biodiversity was also associated with greater daily energy intake per adult equivalent (Table 2) . Similarly, CSR was associated with greater daily intake of protein (grams) (b: 1.78; 95% CI: 0.80, 2.75; P < 0.001), iron (milligrams) (b: 0.30; 95% CI: 0.16, 0.44; P < 0.001), vitamin A (micrograms of retinol activity equivalent) (b: 25.8; 95% CI: 12.7, 38.9; P < 0.001), and zinc (milligrams) (b: 0.26; 95% CI: 0.13, 0.38; P < 0.001) (Supplemental Table 1 ). The associations of crop varietal richness and crop nutritional functional richness with daily intake of protein, iron, vitamin A, and zinc largely showed the same trends in magnitude and statistical significance as CSR (Supplemental Tables 1 , 2, and 3) .
The relation between agricultural biodiversity and household diet diversity was the most positive for households in the lowest compared with the highest wealth quintiles across all models (Table 2 and Supplemental Tables 4-6 ). This same trend was observed for the relation between agricultural biodiversity and daily energy intake per adult equivalent, although this association was consistent with random variability (P $ 0.05). The association of CSR with DDS also was stronger in households in the lowest than in the highest tertile of DDS (CSR-low tertile of DDS, b: 0.05; 95% CI: 0.00, 0.10; P < 0.05; middle tertile of DDS, b: 0.003; 95% CI: 20.02, 0.02; P = 0.78; high tertile of DDS, b: 0.01; 95% CI: 20.01, 0.03; P = 0.22). Neither proportion of harvest sold nor distance to nearest population center consistently modified the relation between agricultural biodiversity and household diet diversity (Table 2) . Similarly, no interaction was observed between proportion of harvest sold or distance to nearest population center with agricultural biodiversity for models that used daily intake per adult equivalent of energy, protein, iron, vitamin A, and zinc as dependent variables.
Mechanisms linking agricultural biodiversity and diet quality and diversity. Analyses were carried out to elucidate potential mechanisms underlying the relation between agricultural biodiversity and diet quality and diversity. In examining the relation between the production of crops or products from specific food groups and household diet diversity, those households producing beans and peas, nuts and seeds, vitamin A-rich dark green leafy vegetables, other vitamin A-rich vegetables and fruits, or eggs demonstrated greater DDS than did households not producing these crops or products (Figure 2) . Overall, households that produced crops or products from a given food group were more likely to have consumed a food item from that food group in the previous 7 d than were households that did not produce a crop or product from that food group (P < 0.05).
When GEE models similar to those carried out to assess the longitudinal relation between agricultural biodiversity and household diet diversity were used, greater CSR of predominant subsistence crops, mixed crops, or predominant cash crops were associated with greater household diet diversity (CSRpredominant subsistence crops, b: 0.12; 95% CI: 0.06, 0.19; Tables 4-6 . P values indicate the statistical significance of the partial regression coefficients; + P , 0.10, *P , 0.05, **P , 0.01, ***P , 0.001. DDS, household diet diversity score. 2 Refers to population centers with a population .20,000.
Agricultural biodiversity and dietary quality 91 P < 0.001; mixed crops, b: 0.14; 95% CI: 0.06, 0.22; P = 0.001; predominant cash crops, b: 0.22; 95% CI: 0.12, 0.32; P < 0.001). The crops included in each of these categories and the mean proportion of harvested crops sold for each are detailed in Table 3 .
Household agricultural and dietary characteristics were further examined while disaggregated by tertiles of CSR ( Table 4) . Nearly all households in the lowest tertile of CSR grew only maize (2010-2011: 90.4%; 2012-2013: 81.2%). More than two-thirds of those households in the middle tertile of CSR (68.8%) cultivated a crop from a nutritional functional group other than starchy staple foods-predominantly beans and peas or nuts and seeds (44.3%). Households in the highest tertile of CSR cultivated more land, sold a greater proportion of their crops, and earned more from crop sales. Nearly all of these trends showed dose-response relations (Table 4) . Households with a greater market orientation of production earned more from sold agricultural production (proportion of harvest sold, b: 213; 95% CI: 132, 285; P < 0.001), and households with more earnings in turn spent more on food (earnings from sold agricultural production, b: 0.0009; 95% CI: 0.0002, 0.002; P = 0.008), but did not have more diverse food purchases than households with lower earnings (earnings from sold agricultural production, b: 25.55 3 10 26 ; 95% CI: 20.0002, 0.0002; P = 0.96).
Households in the highest tertile of CSR consumed a greater proportion of food from their own production and less from purchases, had less diverse food purchases, and spent less on food, particularly vitamin A-rich fruits and vegetables than did households in the lowest tertile of CSR (Table 4 ). In contrast, daily energy intake per adult equivalent from flesh foods was greater in households in the lowest than in the highest tertiles of CSR. In separate analyses, no differences were observed in CSR across any quintile of wealth (P $ 0.05). Households in higher compared with lower wealth quintiles consumed a larger proportion of food from purchases, and this relation demonstrated a dose-response trend (highest wealth quintile, b: 13.6; 95% CI: 9.0, 18.2; P < 0.001); however, households with greater market orientation of agricultural production and greater earnings from sold production did not consume a larger proportion of food from purchases than did households with less market orientation or earnings (proportion of harvest sold, b: 20.02; 95% CI: 20.05, 0.02; P = 0.36; earnings from sold agricultural production, b: 28.68 3 10
26
; 95% CI: 20.00002, 6.28 3 10
; P = 0.26).
Discussion
The longitudinal relation between CSR and both diet diversity and quality in agricultural households in Malawi was examined during the 4-y period from 2010 to 2013. Household wealth was the single strongest predictor of the diversity of farming householdsÕ diets. Yet, independent of household wealth and several other potentially confounding variables, agricultural biodiversity was an important determinant of household diet diversity. The magnitude of this relation was consistent across all 3 indicators of agricultural biodiversity, indicating that increased crop varietal richness in this context may provide little additional nutritional benefit beyond CSR (48) , and that diversifying beyond solely maize production is likely to contribute additional nutritional functional groups. The association between agricultural biodiversity and diet diversity was strongest in households in the lowest wealth quintile and with the lowest diet diversity, indicating the importance of diversifying agriculture for the poorest and most nutritionally vulnerable households.
In Malawi, differences in agricultural biodiversity do not appear to simply reflect differences in household wealth. Household wealth and CSR were not correlated. However, independent of household wealth, households that cultivated more land had greater CSR. These same households were also larger and had older household heads. It is possible that the subdivision of inherited agricultural land-a key driver of diminishing farm sizes in SSA (49)-had yet to occur in these households, with male children still living with their parents. Access to more land may allow farmers to diversify their production. Indeed, smallholder farmers in Malawi often prioritize land for maize cultivation to safeguard household consumption, but, with sufficient surplus land, will diversify into additional crops (50) . Given that the adjusted mean amount of land cultivated in any tertile of CSR was <1 ha, even small increases in land area may help to facilitate agricultural diversification.
It was hypothesized that the relation between agricultural biodiversity and household diet diversity would be less positive in households with greater access to markets or greater commercial orientation of agricultural production. This trend was not observed, in contrast with previous findings (19) . The positive association of agricultural biodiversity with diet quality and diversity was consistent across households with different production orientations and access to markets. This finding underscores the predominance of subsistence agriculture in Malawi. Households sold <15% of their agricultural production and cultivated more subsistence-oriented crops than predominant cash or mixed crops combined. Even households with more market-oriented agricultural production and with greater earnings from sold production consumed a similar proportion of food from purchases and own production as households with lower earnings from agriculture and less market-oriented agricultural production. Therefore, even more market-oriented farmers FIGURE 2 Difference in mean household diet diversity score between Malawian agricultural households producing compared with not producing crops or products from the indicated food group. Values are differences 6 SEs in the mean household diet diversity score between households producing compared with not producing crops or products from the indicated food group. n = 2526 households. Differenced means are least-squares means adjusted for maternal education, household wealth, urbanicity, land area cultivated for annual crops, distance to nearest road, proportion of harvest sold, recent food expenditures, household size, sex of head of household, age of head of household, livestock units, value of sold harvest, and regional fixed effects. P values are for the differences between leastsquares means of households producing compared with not producing crops or products from the indicated food group in models that used the household diet diversity score as the dependent variable, and including all of the covariates noted above. *P , 0.05, **P , 0.01, ***P , 0.001. VA, vitamin A.
were still consuming a large proportion of their agricultural produce. However, the association of agricultural biodiversity with diet quality across farms of differing market orientations also highlights the fact that more diversified agricultural production may operate to improve diet diversity and quality not only through its impact on subsistence production, but also through market-mediated mechanisms. Greater diversity of predominant cash crop production contributed even more strongly to household diet diversity than did diversity of predominant subsistence crop production. This relation may have been driven by the fact that production of market-oriented crops may influence diet diversity via 2 separate pathways that operate concurrently within many households: 1) greater income from sold cash crops can facilitate increased food purchases, thus helping to address diversity gaps; and 2) market-oriented food crops that are only partly sold contribute directly to home consumption as well. Households with greater CSR were in fact more commercially oriented than households with lower CSR. Marginally greater access to land allowed these households to diversify their production away from solely subsistence maize production to additional subsistence crops (i.e., finger millet, sorghum, pigeon peas, pumpkin, and amaranth), but also crops that served dual roles as subsistence and cash crops (e.g., groundnuts, soybeans, Chinese cabbage, and tomatoes). Therefore, households were able to leverage CSR to strengthen their engagement with markets.
Assessing the consumption behaviors of households provides further evidence that agricultural biodiversity is an important determinant of diet diversity and quality. Independent of wealth, households with greater CSR spent less on food, consumed less purchased food, and consumed more food from their own production than did households with lower CSR. These households had greater production diversity to draw from for consumption, thus likely reducing the need for certain food purchases. However, across all tertiles of CSR, the proportion of food consumed from purchases was 2-to 3-fold greater than the proportion consumed from their own production. Therefore, even in subsistence settings such as Malawi, greater agricultural biodiversity directed toward subsistence production would only complement purchased foods in the diet. This observation reinforces the nutritional importance of access to consumer markets that offer affordable, diverse, and healthy food options. Because most of the food consumed in Malawi, as in most SSA countries, originates from domestic production, with markets commonly supplied from local or regional producers (51), more diverse agricultural production destined for markets could also have an indirect impact on the diversity of diets at scales beyond the producing households.
This study has several limitations. First, calculation of the DDS was based on household-level, 7-d recall data. Given the extended recall period and aggregation of data at the household level, the DDS was high for most households. Although the DDS was correlated with energy and nutrient intake, a more discerning indicator based on individual 24-h recall data would likely serve as a better metric. Second, food composition tables may be limited in their ability to accurately quantify the nutrient composition of food items from distinct agroecological contexts. This may have contributed to the omission of extreme values for energy and nutrient intake. However, erroneous reporting of consumption by nonhousehold members that affected intake calculations per adult equivalent is more likely. Associations were unchanged when extreme values were not omitted. Finally, region-specific unit conversion data for nonstandard measurement unit combinations were not available for 3.5% of food items across the 2 survey rounds. This likely contributed to measurement error.
In conclusion, agricultural biodiversity is a key determinant of the diversity and quality of the diets of farming households in Malawi. Given that most Malawian households, similar to many SSA countries (52) , are in rural areas and are engaged in smallholder subsistence agriculture, promoting agricultural biodiversity may be a uniquely beneficial strategy for supporting diverse diets, while also creating opportunities for farmers to engage with markets. Such an approach may be preferred to policies that incentivize sole cropping as a path toward commercialization, although it is clear that agricultural intensification strategies such as MalawiÕs Farm Input Subsidy Program are not incompatible with crop diversification (12) . Nonetheless, shifts toward less diverse farming systems could have potential deleterious consequences on diet quality, and also limit overall livelihood diversity, which is an important strategy used by low-income households to manage risk (53) . households. Data for annual crops only are shown. 2 Each crop was categorized according to 1 of 10 dietary food groups to which it most readily corresponds. These food groups were used to create a household diet diversity score that was used in other analyses. Crops that pertained to none of the 10 food groups were labeled as ''None.''
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Furthermore, lost agricultural biodiversity may limit certain ecosystem services that are central to bolstering resilience to climate change-related agronomic threats-also an important strategy for risk reduction (54) . Many farmers already are following a more diversified, cautious approach to commercialization, adopting new crop species principally oriented toward markets while maintaining subsistence production of key crops (55) . However, improvements to rural infrastructure and access to financial services and insurance are needed to allow farmers to invest securely in new crops (56) . Increased access to arable land also is critically important to facilitating diversification. Policies are needed that provide clear land tenure rights and equitable alternatives to inheritance practices that lead to increasing land subdivisions. Overall, policymakers must consider the macroeconomic, legal, and institutional environments of a country when prioritizing policy alternatives to ensure that incentives for changing agricultural practices are adequately supported and do no harm to nutritional and environmental outcomes (57) . For this reason, future research may be most meaningful if centered on analyses of specific country or regional contexts. Assessing changes in agricultural biodiversity at increasing spatial scales is also needed to elucidate the community-and regional-level nutritional impact of landscape specialization (58) . Such insights, and those from household-level analyses, will be important for guiding policy with respect to the limits and potential of optimizing agriculture to serve the economic, environmental, and nutritional needs of smallholder farmers. Acknowledgments I thank Allison Moffitt for initial assistance with data cleaning and preparation. The sole author developed the research question, designed and carried out the statistical analyses, drafted the manuscript, and read and approved the final manuscript. 
